Introduction
============

Stroke is well-known for causing death and adult disability ([@B01]). Disclosing the pathological mechanisms and finding potential treatment strategies are major topics attracting concern worldwide. Experiments have shown the potential of several interventions to improve the outcomes of this disease ([@B02]-[@B04]). Recently, some experimental data applied to clinical study have yielded valuable results. Ischemic preconditioning (IPC) is one of the effective intervening strategies that has attracted extensive attention ([@B05]-[@B09]).

The term \"ischemic preconditioning\" was first introduced by Janoff et al. ([@B10]) in a study of the shock model, and it is now proposed as a powerful inducer of ischemic tolerance ([@B11]). A large amount of evidence points to IPC playing a protective role in ischemic/reperfusion (I/R) models in different organs, including the kidney ([@B12]), heart ([@B13]), and brain ([@B09], [@B11]). Although protection from stroke morbidity by sublethal ischemic stress is thought to be largely due to tolerance or adjustment, an effective or convincing standard is still needed to detail the mechanisms.

Autophagy is an essential, homeostatic process by which cells internalize and digest their own components ([@B14]). Although the contribution of autophagy to neuronal death/survival is still under debate ([@B15]), in many neurodegenerative diseases, such as Alzheimer\'s disease or Parkinson\'s disease, autophagy has been found to confer neuroprotection ([@B16]). The protective effect of autophagic activation after hypoxic/ischemic injury was initially reported in a *C. elegans* model (17). 3-Methyladenine (3-MA), an autophagy inhibitor, sensitized the cells to hypoxic injury ([@B18]), whereas rapamycin, an autophagy inducer, blocked cell death after ischemic injury ([@B17]). These data implicate autophagy in the neuroprotection induced by IPC. Moreover, this \"self-eating\" behavior could partially explain the tolerance involved in IPC protection.

To demonstrate the neuroprotection of IPC on focal ischemic injury and its underlying mechanisms, we applied a series of IPC paradigms in a rat I/R model. Our data clearly addressed the premise that levels of autophagic activation induced by a series of IPC events were correlated with neuroprotection activity after focal ischemic injury. More important, IPC promoted autophagy through mediation of the tuberous sclerosis type 1 (TSC1)-mTor pathway, subsequently attenuating I/R-induced apoptosis. The present study provides a focus for further understanding of the mechanism of endogenous neuroprotection by IPC.

Material and Methods
====================

Focal IPC and permanent middle cerebral artery occlusion
--------------------------------------------------------

Male Sprague-Dawley rats (weighing 280-300 g) were purchased from the Center for Experimental Animals of Chongqing Medical University (China). The US National Institutes of Health Guidelines for Care and Use of Laboratory Animals were followed in all animal procedures. Focal IPC and/or permanent focal cerebral ischemia (PFI) models were induced by using a suture occlusion technique. Rats were anesthetized by intraperitoneal injection of 4% chloral hydrate (350 mg/kg). Through a ventral midline incision, the common carotid artery on both sides was occluded. Four different IPC paradigms were applied in this study: 5 min (1 episode, 5-min duration), 5×5 min (2 episodes, 5-min duration, 15-min interval), 5×5×5 min (3 episodes, 5-min duration, 15-min intervals), and 15 min (1 episode, 15-min duration). After IPC induction, the suture was gently withdrawn to permit reperfusion. Twenty-four hours later, the suture was reintroduced into the internal carotid through the stump of the external carotid artery to induce PFI (permanent middle cerebral artery occlusion). Sham-operated rats underwent identical surgery, but the suture was not inserted. Laser-Doppler flowmetry (ML191, Laser Doppler Blood Flow Meter, AD Instruments, UK) was used to monitor the blocking of cerebral blood flow. Body temperature was closely monitored with a rectal probe and maintained in the range of 37.0±0.5°C with a heating pad (Institute of Biomedical Engineering, USA, CAMS, BME-412A Animal regulator) during and after surgery until recovery from anesthesia. Rats showing tremors and seizures after surgery were excluded from further experiments.

Evaluation of infarct volume
----------------------------

Twenty-four hours after ischemia injury, the neurological deficits in rats subjected to PFI were evaluated in a blinded manner: 0 points, rats behaved normally; 1 point, rats could not fully stretch their left front legs; 2 points, rats turned around in a circle; 3 points, rats fell down to the left side; 4 points, rats could not move by themselves, losing consciousness. After being scored, the rats were killed, the brains were dissected and sectioned in a plastic module (Harvard Apparatus, USA); 3-mm thick sections were stained with 4% 2,3,5-triphenyltetrazolium chloride (TTC) for 30 min, and fixed with 4% paraformaldehyde. The total wet weight of the TTC-stained brains was quantified with an electronic scale (Mettler-Toledo Group, USA). The wet red and white regions of the TTC-stained brains were collected separately. Infarct volume was analyzed using five 3-mm coronal sections from each brain and calculated using the following formula: infarct volume=(total wet weight−red weight)/total wet weight×100%. After the wet weight of the brains was quantified, the red and white parts of these brains were desiccated at 105°C for 48 h until the weight was constant.

Hematoxylin and eosin (HE) staining
-----------------------------------

Tissue was rapidly removed from the brain, and washed several times with 0.1 M phosphate-buffered saline (PBS), pH 7.4, fixed in 10% formalin for 24 h at room temperature, dehydrated by graded ethanol, and embedded in paraffin. For HE staining, sections (6-µm thick) were deparaffinized with xylene, stained with HE, and then observed by light microscopy. For analysis, the blue nuclei of four fields from each image were counted.

Immunohistochemistry
--------------------

The tissue was rapidly removed, washed several times with 0.1 M PBS, pH 7.4, fixed in 10% formalin for 24 h at room temperature, dehydrated by graded ethanol, and embedded in paraffin. Sections (6-µm thick) were deparaffinized with xylene and incubated with the LC3B antibody (monoclonal mouse, 1:500, Cell Signaling Technology, USA ) at 4°C for 24 h. Secondary antibodies were applied for 90 min at room temperature. Slides were developed with diaminobenzidine substrate, and the images were photographed on an Olympus microscope (Olympus Corp., Japan).

TUNEL assay
-----------

For the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, slides were developed with diaminobenzidine substrate, counterstained with HE, and then examined for evidence of apoptosis. The number of brown apoptotic cells were normalized to total cells as detected by HE. Four fields of each image were counted.

Western blotting
----------------

After IPC and/or PFI, brain tissues from the ischemic cortex and corresponding area of sham-operated rats were homogenized and proteins extracted with a lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton-100, 0.1% SDS, 5 mM EDTA, 1 mM PMSF, 0.28 U/mL aprotinin, 50 µg/mL leupeptin, 1 mM benzamidine, and 7 µg/mL pepstatin A). Protein concentrations were determined (SmartSpec3000 Spectrophotometer, Bio-Rad, USA) using a BCA kit (23227, Pierce, USA). A 60-µg aliquot of proteins from each sample was separated using 10% SDS-PAGE and subsequently transferred to a nitrocellulose membrane. The membranes were then incubated with specific antibodies against LC3 (1:1000; ab62721, Abcam, USA), Beclin (1:500; sc-11427, Santa Cruz Biotechnology, USA), caspase-3 (1:200; sc-24, Santa Cruz Biotechnology, USA), p-mTor or mTor (1:500; Cell Signaling Technology), TSC1 (1:500; Cell Signaling Technology), anti-p-TSC1 Thr417 (1:200; Tebu-Bio, UK), TSC2, or phospho-tuberin/TSC2 (Thr1462) antibody (1:500; Cell Signaling Technology) at 4°C overnight, and incubated with a horseradish peroxidase-conjugated secondary antibody (1:5000; Jackson ImmunoResearch, USA) at room temperature for 1 h. Immunoreactivity was detected by an enhanced chemiluminescent autoradiography (34080, Pierce) in accordance with the manufacturer\'s instructions. The membranes were reprobed with β-actin (1:5000; A5441, Sigma, USA).

Treatment with autophagy inhibitor or inducer
---------------------------------------------

To determine the effects of pretreatment with the autophagy inhibitor 3-MA on autophagy activation and the neuroprotective effects of IPC, rats were treated with an intracerebral ventricle (*icv*) injection of 3-MA (300 nM, Sigma) 5 min before the onset of IPC. 3-MA was dissolved in normal saline by heating the solution to 60-70°C immediately before treatment. To explore if rapamycin, an autophagy inducer, could potentiate the effects of IPC, rats were treated with *icv* injection of rapamycin (20 pM, Sigma) 5 min before the onset of IPC. Rapamycin was first dissolved in ethanol and then diluted to the final concentration with normal saline (final ethanol concentration \<2%). Control animals received an *icv* injection of the same volume of vehicle.

Statistical analysis
--------------------

Data are reported as means±SE. Statistical analyses of the data were performed using one-way ANOVA followed by the Bonferroni test, and the Student *t*-test. P\<0.05 was considered to be a significant difference.

Results
=======

IPC activated autophagy in sham rats and I/R rats
-------------------------------------------------

Because IPC possesses the potential to protect against I/R injury, we initially determined whether IPC activated autophagic activity. Four IPC paradigms were applied, and Beclin and LC3, the marker proteins of autophagy, were detected 24 h after IPC. Results showed that IPC increased Beclin expression in an episode-dependent manner ([Figure 1A](#f01){ref-type="fig"}). When compared to the sham-operated group, significant differences were observed in the 5 min, 5×5 min, 5×5×5 min, and 15 min IPC groups, respectively (P\<0.05). Although significant enhancement of autophagic activity was observed in the 15 min IPC group in comparison with the sham control group, the activity was much lower than in the 5×5×5 min group. Additionally, autophagic activity was decreased 72 h after PFC by measuring Beclin expression (data not shown). We next detected expression of LC3 protein, the gold standard assay of autophagy. LC3-I/II conversion represents autophagic activation. Consistent with Beclin expression, autophagy activation was further confirmed by LC3-I/II conversion ([Figure 1B](#f01){ref-type="fig"}). More importantly, the 5×5×5 min IPC paradigm induced the highest level of autophagy. Immunohistochemistry data further confirmed that the 5×5×5 IPC group promoted autophagic activity, as LC3B expression was significantly increased (P\<0.05; [Figure 1C](#f01){ref-type="fig"}).

![Ischemic preconditioning (IPC) activates autophagy in control rats 24 h after surgery. *A*, IPC increased Beclin expression. *B*, IPC increased LC3 conversion. Data are reported as means±SE of 4 rats in each group. \*P\<0.05, compared to sham control group (one-way ANOVA followed by the Bonferroni test). Groups: 1) sham control, 2) 5 min IPC, 3) 5×5 min IPC, 4) 5×5×5 min IPC, and 5) 15 min IPC. *C*, Representative images of immunohistochemistry of LC3B (bar: 40 µm). Arrows indicate the cytoplasmic expression of LC3B. *D*, Expression of TSC-mTor pathway related proteins. IPC increased phospho-TSC1 (P-TSC1), while it decreased phospho-mTor (P-mTor) levels in an episode-dependent manner, whereas total mTor, TSC1, TSC2, and P-TSC2 were not affected by IPC. TSC1: tuberous sclerosis type 1; TSC2: tuberous sclerosis type 2.](1414-431X-bjmbr-46-07-580-gf01){#f01}

Because the mTor pathway directly mediates autophagic activity, we detected total mTor, p-mTor, TSC1, p-TSC1, TSC2, and p-TSC2 levels 24 h after IPC. As shown in [Figure 1D](#f01){ref-type="fig"}, IPC increased p-TSC1, while it decreased p-mTor levels in an episode-dependent manner, which was correlated with autophagic activity, whereas total mTor, TSC1, TSC2, and p-TSC2 were not affected by IPC ([Figure 1D](#f01){ref-type="fig"}).

Next, we tested whether IPC altered autophagic activity in I/R rats by detecting Beclin and LC3-I/II conversion again 24 h after I/R. Compared to the sham control, I/R did not increase autophagic activity, as Beclin expression ([Figure 2A](#f02){ref-type="fig"}) and LC3-I/II conversion ([Figure 2B](#f02){ref-type="fig"}) were not affected; however, the 5×5 min, 5×5×5 min, and 15 min IPC groups prior to I/R significantly increased Beclin expression compared to the model group. With regard to LC3-I/II conversion, only the 5×5×5 min and 15 min IPC groups showed significantly increased LC3-I/II conversion when compared to the I/R group. These data indicated that duration, as well as the number of episodes, mediated the extent of autophagic activation, and these factors might together determine the efficacy of IPC in preventing ischemic injury.

![Ischemic preconditioning (IPC) activates autophagy in rats undergoing ischemic reperfusion (I/R) 24 h post-ischemic injury. *A*, IPC increased Beclin expression. *B*, IPC increased LC3 conversion. Data are reported as means±SE of 4 rats in each group. Groups: 1) sham control, 2) I/R, 3) 5 min IPC+I/R, 4) 5×5 min IPC+I/R, 5) 5×5×5 min IPC+I/R, and 6) 15 min IPC+I/R. \*P\<0.05, compared to I/R group (one-way ANOVA followed by the Bonferroni test).](1414-431X-bjmbr-46-07-580-gf02){#f02}

IPC attenuates I/R-induced cleaved caspase-3 levels
---------------------------------------------------

As reported ([@B19]), IPC reduces I/R-induced caspase-3-dependent apoptosis, and we hereby detected that autophagy was protective in ischemic injury. Using both an autophagy inducer and inhibitor, our results showed that the 3×3×3 IPC mode significantly attenuated cleaved caspase-3 expression when compared to the model group ([Figure 3](#f03){ref-type="fig"}). However, 5 min *ivc* pretreated with 3-MA abolished the protection of IPC as active caspase-3 levels were reversed to model levels. By contrast, preapplication of rapamycin, the inducer of autophagy, could potentiate the protection by IPC. As shown in [Figure 3](#f03){ref-type="fig"}, we found that cleaved caspase-3 was further decreased under pretreatment with rapamycin when compared to the IPC group, although the decrease was not significantly different.

![Ischemic preconditioning (IPC) inhibits ischemic reperfusion (I/R)-induced cleaved caspase-3 expression 24 h post-ischemic injury. Data are reported as means±SE of 4 rats in each group. Groups: 1) sham control, 2) I/R, 3) 5×5×5 min IPC+I/R, 4) 3-methyladenine+5×5×5 min IPC+I/R, and 5) rapamycin+5×5×5 min IPC+I/R. ^\#^P\<0.05, compared to sham control group; \*P\<0.05, compared to I/R group (one-way ANOVA followed by the Bonferroni test).](1414-431X-bjmbr-46-07-580-gf03){#f03}

IPC attenuates I/R-induced apoptosis
------------------------------------

IPC increased autophagic activity and decreased I/R-induced active caspase-3. We further used the TUNEL assay to measure apoptosis 24 h after I/R. As shown in [Figure 4](#f04){ref-type="fig"}, a large number of apoptotic cells were observed in the infarcted area of I/R rats, whereas IPC significantly attenuated I/R-induced apoptosis. More important, 3-MA reversed the neuroprotection of IPC against I/R-induced apoptosis, while rapamycin preapplication potentiated neuroprotection. These results indicated that IPC prevented I/R-induced apoptosis through mediation of autophagic activation.

![Ischemic preconditioning (IPC) inhibits ischemic reperfusion (I/R)-induced apoptosis 24 h post-ischemic injury (TUNEL staining). *A*, Representative image of sham control. *B*, Representative image of I/R. *C*, Representative image of 5×5×5 min IPC+I/R group. *D*, Pooled data are reported as means±SE of 4 rats in each group. Groups: 1) sham control, 2) I/R, 3) 5×5×5 min IPC+I/R, 4) 3-methyladenine+5×5×5 min IPC+I/R, and 5) rapamycin+5×5×5 min IPC+I/R. The arrows indicate the apoptotic cells. ^\#^P\<0.05, compared to sham control group; \*P\<0.05, compared to I/R group (one-way ANOVA followed by the Bonferroni test).](1414-431X-bjmbr-46-07-580-gf04){#f04}

HE staining showed that I/R caused remarkable cell death in the infarcted area, which was mitigated by IPC. Consistent with the TUNEL assay, 3-MA abolished, whereas rapamycin potentiated, the protection by IPC. These data further confirmed that IPC protected against ischemic insult by inducing autophagy activation ([Figure 5](#f05){ref-type="fig"}).

![Ischemic preconditioning (IPC) inhibits ischemic reperfusion (I/R)-induced cell death 24 h post-ischemic injury (HE staining). *A*, Representative image of sham control. *B*, Representative image of I/R. *C*, Representative image of 5×5×5 min IPC + I/R group. *D*, Pooled data are reported as means±SE of 4 rats in each group. Groups: 1) sham control, 2) I/R, 3) 5×5×5 min IPC+I/R, 4) 3-methyladenine+5×5×5 min IPC+I/R, and 5) rapamycin+5×5×5 min IPC+I/R. Arrows indicate the nucleus staining. ^\#^P\<0.05, compared to sham control group; \*P\<0.05, compared to I/R group (one-way ANOVA followed by the Bonferroni test).](1414-431X-bjmbr-46-07-580-gf05){#f05}

IPC attenuates I/R-induced neurological injury and infarction volume
--------------------------------------------------------------------

We confirmed the protective activity of IPC by measuring neurological scores ([Figure 6A](#f06){ref-type="fig"}) and infarct volume ([Figure 6B](#f06){ref-type="fig"}) after ischemic insult. Our data showed that the 5×5×5 min paradigm provided the optimal protection from I/R injury. Additionally, 3-MA abolished, whereas rapamycin potentiated, the protective effect of IPC.

![Ischemic preconditioning (IPC) protects against ischemic reperfusion (I/R)-induced neurological damage 24 h post-ischemic injury. *A*, IPC attenuates I/R-induced increase in neurological score. *B*, IPC attenuates I/R-induced increase in infarct volume. Data are reported as means±SE of 4 rats in each group. Groups: 1) sham control, 2) I/R, 3) 5×5×5 min IPC+I/R, 4) 3-methyladenine+5×5×5 min IPC+I/R, and 5) rapamycin+5×5×5 min IPC+I/R. ^\#^P\<0.05, compared to sham control group; \*P\<0.05, compared to I/R group (one-way ANOVA followed by the Bonferroni test). *C*, Scheme illustrates the possible protective mechanisms of IPC against ischemic injury through tuberous sclerosis type 1 (TSC1)-mTor-mediated autophagic activation, which inhibited apoptosis induced by ischemic perfusion.](1414-431X-bjmbr-46-07-580-gf06){#f06}

Discussion
==========

Many reports have demonstrated that IPC protects against ischemic injury ([@B11]-[@B13]). Interestingly, IPC-related stratagies have been used to treat ischemic injury clinically ([@B20], [@B21]). Either local or remote IPC can be applied to reduce injury to an organ or tissue ([@B22]). For example, the preconditioning stimulus through suprasystolic blood pressure inflation on an arm or leg will confer myocardial protection against subsequent ischemia ([@B20]). Transient ischemic attacks before ischemic stroke could decrease the lesion size as evidenced by a multicenter magnetic resonance imaging study ([@B08], [@B23]). Nevertheless, the exact mechanisms underlying the tolerance of ischemic insult remain elusive. In this study, by applying different IPC paradigms, we determined that 5×5×5 min IPC was the most effective in protecting against cerebral I/R injury.

IPC was first described in 1986 by Murry et al. ([@B24]) using a dog model; brief episodes of ischemia (4 cycles of 5-min occlusion followed by reperfusion) reduced the extent of infarction induced by subsequent prolonged occlusion. Despite the length of time that has elapsed since the discovery of IPC, a detailed exposition of its mechanism and evidence of the biological processes are still unknown. Autophagy is one of the most convincing mechanisms to explain tolerance of or adjustment to ischemia. In our initial study, we found that IPC induced autophagic activation lasting for at least 72 h. In this study, 3-MA abolished, while rapamycin potentiated, the neuroprotection afforded by IPC. Overall, the data clearly demonstrated that autophagy activation induced by IPC was neuroprotective against ischemic insult.

Sublethal stress activated autophagy but did not activate a lethal ischemic insult, which is consistent with previous reports ([@B25]). Although some reports indicated that lethal ischemic insult also activated autophagy, it was suggested that autophagic activation in the ischemic process was neuroprotection-related. By contrast, autophagic activation involved in perfusion was likely neurodetrimental ([@B26]). Similarly, treatment with chloroquine resulted in accumulation of LC3-II in sham-operated rats, but did not change the LC3-II levels in postischemic brain tissues ([@B27]). These results indicate that at least part of the accumulation of protein aggregate-associated organelles seen following ischemia is likely due to failure of the autophagy pathway.

Meanwhile, we demonstrated that IPC decreased p-mTor levels ([Figure 1D](#f01){ref-type="fig"}). Since mTor negatively mediates autophagy, this decrease might well explain the IPC-induced autophagic activation. Upstream of mTORC1 is the TSC1-TSC2 inhibitory complex, which functions as a GTPase-activating protein for the GTPase Rheb, an upstream activator of mTor. The TSC1-TSC2 complex inactivates Rheb to inhibit mTOR signaling, which would lead to autophagy. Indeed, we found that IPC increased p-TSC1 levels, while it did not affect p-TSC2, total TSC1, and total TSC2. Nevertheless, this detailed signal pathway deserves further study.

We further demonstrated that cerebral I/R caused cell death through inducing capase-3-dependent apoptosis. We clearly showed apoptotic cell death in the I/R model, but not in IPC rats. Importantly, IPC prevented I/R-induced apoptosis. All these data were consistent with the infarction volume and neurological protection observed in the different groups. In contrast to the neuroprotection of autophagy, apoptosis played a role in cell death that occurred in I/R. Therefore, apoptosis should be the therapeutic target in ischemic injury treatment, while autophagy could be proposed as an important intervening inducer. With regard to the apoptotic mechanisms involved in ischemic reperfusion, both caspase-dependent and caspase-independent pathways have been reported ([@B28], [@B29]). In the present study, we demonstrated that caspase-3 expression was upregulated by ischemic injury and attenuated by IPC.

In conclusion, the present study suggests that three episodes of IPC protected against I/R-induced apoptosis through autophagy activation, with subsequent neuroprotection ([Figure 6C](#f06){ref-type="fig"}). This study provides further experimental evidence for the protection of IPC against ischemic injury and the application of IPC in stroke therapy.
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